Fe-15 mass%Al (Fe 3 Al-based) and alloys with various carbon contents (0, 0.5, 1 and 2 mass%) were produced to study the effect of carbon addition on microstructure, mechanical properties and tribological properties of Fe-Al intermetallics. Carbon addition to the Fe-15Al alloy led to the formation of perovskite-type Fe 3 AlC 0.5 carbides in the matrix, while carbon was present in the form of graphite in the Fe-25Al alloy. The formation of Fe 3 AlC 0.5 carbides resulted in a significant strengthening effect on the Fe-15Al alloy, but the strengthening was accompanied by a great loss in ductility. In the Fe-25Al alloy, the strength and ductility were slightly reduced by the formation of graphite. The tribological properties were determined using ball-on-disk sliding wear test in the range of room temperature to 773 K. It was demonstrated that the carbon addition significantly improved the room temperature friction coefficient and wear rate of both Fe-15Al and Fe-25Al alloys, but it tended to decrease the wear rate of these alloys at elevated temperatures. The tribological properties were discussed in terms of microstrutural features and mechanical properties.
Introduction
In recent years there has been some interest in studying the wear properties of iron aluminides based on Fe 3 Al and FeAl. [1] [2] [3] [4] The aluminides possess many attributes necessary for wear resistance such as high hardness, high elastic modulus and good environmental resistance, and are thus promising as tribological materials for use in aggressive environments at elevated temperatures. It has been shown that Fe 3 Al has wear resistances similar to those of a variety of steels, for example 304 SS and 316 SS. To improve the wear resistances of Fe 3 Al, Hawk et al. 2) investigated the alloying effects of Ti, Zr, Cr, Ni, Nb and Mo. They demonstrated that the addition of Ti to Fe 3 Al has a positive influence on the tribological properties. However, our recent work 5) showed that the addition of Ti into iron aluminides tends to reduce the room temperature ductility drastically, which should make their processing and machining very difficult.
Ferrous alloys such as tool steels and cast irons generally show excellent wear resistances because of the high carbon contents and the dispersion of carbide or graphite phases in the matrix. Similarly, Fe-Al alloys with relatively high carbon contents are expected to possess good tribological properties. Surprisingly, less work has been devoted to the effect of carbon addition on the microstructure and properties of Fe-Al alloys. This is perhaps because carbon was initially believed to embrittle these alloys. 6) However, recent studies by Baligidad et al. have demonstrated that carbon addition to Fe 3 Al alloy results in the improvements of strength, machinability, resistance to environmental embrittlement and creep resistance. [7] [8] [9] These improvements have been attributed to the formation of perovskite-based Fe 3 AlC 0.5 precipitates in the matrix, which exhibits significant dispersion strengthening. Though Fe 3 AlC 0.5 is a hard and brittle phase, its presence in the alloys does not necessarily lead to the reduction in ductility. This is because the Fe 3 AlC 0.5 precipitates may act as hydrogen traps, reducing the susceptibility to hydrogen embrittlement that has been believed to be a major cause for poor room temperature ductility of Fe 3 Al. 10) According to Baligidad et al., 8) the alloy with addition of 1 mass% carbon shows the best combination of mechanical properties. More recently, Pang and Kumar have investigated the microstructure and mechanical properties of Fe-40Al-0.6C and Fe-40Al-0.7C-0.5B (at%) alloys. 11, 12) They reported that the presence of carbon was beneficial to the room temperature ductility and impact toughness.
In the present work, an investigation was made on the effects of carbon addition on microstructure, mechanical properties and tribological properties of Fe 3 Al and FeAl-based alloys. This is an effort towards developing Fe-Al intermetallic alloys for tribological applications, for example, as automobile brake rotors.
Experimental Procedure
Fe-15 mass%Al (Fe 3 Al-based) and Fe-25 mass%Al (FeAlbased) alloys with carbon contents of 0, 0.5, 1 and 2 mass% were used. No other alloying elements were added in order to clarify the effect of carbon addition on the alloys. The alloy ingots were prepared by induction melting of the appropriate charge in alumina crucibles. The ingots were then homogenized, canned in mild steel, and extruded into cylindrical rods with a reduction ratio of 15:1 at high temperatures, i.e. 1373 K for carbon-free alloys and 1473 K for carbon-added alloys. The extruded rods were heat-treated at 973 K for 3.6 ks in Ar to relieve stress.
Mechanical properties were evaluated by Vickers hardness measurement and tensile test. The Vickers hardness was measured under a load of 98 N. Cylindrical tensile pieces with threaded ends and a gauge size of 30 mm in length and 5 mm in diameter were machined from the extruded rods by turning. Tensile testing was conducted in air at temperatures ranging from room temperature to 1073 K at an initial strain rate of 1 × 10 Tribological properties were evaluated by means of dry sliding wear tests carried out using a ball-on-disk type tribometer. Rectangular-shape specimens with sizes of 20 mm× 20 mm × 5 mm were used as a rotating disk. The surface of specimen was ground to a roughness of 0.05 µm. Alumina balls were used as the counter material. The tests were conducted at a sliding speed of 0.1 m/s to a total distance of 100 m under a load of 5 N. The friction force was measured using a loading cell. The average coefficient of friction was calculated in the range between 20 and 100 m to exclude unsteadily low friction values at the initial stage of the testing. The wear rate was calculated by dividing the volume of wear groove by the sliding distance. Cast iron from an automobile brake rotor was also tested for the comparison.
Optical microscopy was employed to observe both the ascast and the extruded microstructure. The phases were determined by X-ray diffraction (XRD) using Cu Kα radiation at 40 kV and 200 mA. Scanning electron microscopy (SEM) was used to examine the fractured surfaces of tensile pieces. Figure 1 shows the as-cast microstructures of Fe-15Al and Fe-25Al alloys with and without carbon addition. The cast alloys generally had coarse grains, and there were new phases in the carbon-added alloys. The new phases were identified to be Fe 3 AlC 0.5 carbide in the carbon-added Fe-15Al alloys and graphite in the carbon-added Fe-25Al alloys by XRD analysis. The analysis results were in agreement with the Fe-Al-C phase diagram determined by Palm and Inden. 13) Figure 2 shows the microstructures of the hot extruded alloys. The extruded alloys exhibit much finer grains than the as-cast ones owing to the occurrence of recrystallization during hot extrusion. In the Fe-15Al-1C alloy, besides the Fe 3 AlC 0.5 particles, graphite nodules were occasionally observed at the grain boundaries. The graphite precipitates in the Fe-25Al-1C alloy were generally distributed along grain boundaries. Figure 3 shows the Vickers hardness of Fe-15Al and Fe25Al alloys as a function of carbon content. Opposite trends in the relationship between hardness and carbon content were seen in the Fe-15Al and Fe-25Al alloys. The hardness of Fe-15Al alloy exhibited a significant increase with increasing carbon content. This could be attributed to the increase in volume fraction of the Fe 3 AlC 0.5 precipitates, because the Fe 3 AlC 0.5 was a hard and brittle phase and could strengthen the matrix. To the contrary, the carbon addition to Fe-25Al alloy led to a slight decrease in hardness due to the precipitation of soft graphite. Figure 4 shows the room temperature tensile properties of Fe-15Al and Fe-25Al alloys with no and 1% carbon addition. The yield strength of the Fe-15Al alloy was significantly improved by carbon addition, but the improvement was accompanied by a great loss in ductility. For the Fe-25Al alloy, the yield strength and ductility were slightly decreased with the addition of carbon. Figure 5 shows the fracture surfaces of tensile pieces tested at room temperature. The carbon-free Fe-15Al alloy exhibited typical transgranular cleavage fracture, while a mixture of intergranular and cleavage modes was observed in the Fe-15Al-1C alloy. The change of fracture mode from cleavage to mixture of intergranular and cleavage should account for the decrease in ductility of the Fe-15Al with carbon addition. In case of Fe-25Al alloys, both the carbon-free and the carbon-added specimens exhibited an intergranular fracture mode, which would explain why the carbon addition showed less effect on the ductility. Figure 6 shows the temperature dependence of tensile properties in Fe-15Al and Fe-25Al alloys. The carbon addition was seen to increase the yield strength, σ , of Fe-15Al alloy, but decreased its tensile elongation in the whole temperature range. Furthermore, the carbon-free Fe-15Al alloy exhibited well-known positive temperature dependence of yield strength in the temperature range of 673 to 873 K. However, this positive temperature dependence of yield strength was not so significant in Fe-15Al-1C alloy. As to Fe-25Al alloy, the effect of carbon addition on tensile properties is not so obvious, except that the Fe-25Al-1C alloy exhibited much lower ductility than Fe-25Al alloy at temperatures above 973 K. Figure 7 presents the room temperature tribological properties of Fe-15Al and Fe-25Al alloys with various carbon contents. It clearly showed that, for both Fe-15Al and Fe25Al alloys, the coefficient of friction and wear rate decreased sharply with increasing carbon content. The decreases in coefficient of friction and wear rate were more pronounced in Fe-25Al alloys than in Fe-15Al alloy. As a result, Fe-15Al-2C alloy exhibited much higher coefficient of friction and wear rate than cast iron, while the coefficient of friction and the wear rate of Fe-25Al-2C alloy were comparable to those of cast iron. Figure 8 shows the temperature dependence of wear rate in Fe-15Al and Fe-25Al alloys with carbon contents of 0, 1 and 2%. The carbon addition tended to decrease the wear rate of Fe-15Al alloy at room temperatures and 573 K. However, a degradation of wear resistance with carbon addition was observed at 773 K, i.e., the wear rate increased with increasing carbon content. On the other hand, in the Fe-25Al alloys, the degradation of wear resistance with carbon addition was observed at both 573 and 773 K.
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Discussion
Effect of carbon addition on room temperature duc-
tility Environmental embrittlement has been well known to be the major cause of poor room temperature ductility of iron aluminide alloys. This embrittlement is believed to be associated with the diffusion of hydrogen generated from the chemical reaction between aluminum and atmospheric moisture. In view of the fact that carbide-matrix interfaces can serve as hydrogen traps in carbon steels, it is envisaged that the poor room temperature ductility of iron aluminide alloys might be improved by the presence of carbides. In fact, beneficial effect of carbon addition on room temperature ductility of Fe 3 Al and FeAl based alloys has been reported by Baligidad et al. 7) and Pang and Kumar, 11) respectively. These workers have suggested that the Fe 3 AlC 0.5 carbides in the grain or at grain boundaries provide interfaces that act as hydrogen traps and delay the embrittlement kinetics. It is noted that the carbon contents of alloys in their studies are relatively low, i.e. less than 0.5 mass%.
However, improved room temperature ductilities by carbon addition are not observed in the present Fe-15Al and Fe-25Al alloys. Especially, the precipitation of Fe 3 AlC 0.5 carbides in Fe-15Al alloy leads to a significant loss in ductility. Similar results have been reported by Prakash and Sauthoff in a recent study. 14) They have demonstrated that the addition of carbon, whether in the form of carbide or graphite, tends to improve the machinability of Fe-Al alloys, but the improvement in machinability is not necessarily followed by increase in tensile ductility. These results are not inconsistent with those of Baligidad et al. 7) and Pang and Kumar. 11) The difference is considered to be associated with the different carbon content in the alloys used. There are following two opposite effects related to the carbon addition in Fe-Al alloys: (i) carbon addition can reduce environmental embrittlement, which is beneficial to the room temperature ductility, and (ii) the formation of carbide or graphite phases by carbon addition would embrittle the alloys intrinsically. The former effect may be dominant when carbon content is low, and the latter would become prevailing with increasing carbon content. The relatively high carbon content of 1 mass% in the present work and Prakash and Sauthoff's study may be responsible for the observed reduction of ductility.
Effect of carbon addition on tribological properties
It has been widely accepted that delamination of the surface layer is the dominant mechanism of material removal during a sliding wear process. 15) When two bodies come into contact, the surface undergoes plastic deformation and the maximum plastic strain occurs beneath the contacted area. As the accumulated plastic strain reaches a critical value, cracks will nucleate and propagate, leading to the delamination of the surface layer. In general, hardness or yield strength is presumed as a dominant parameter for the sliding wear. A material with high hardness may have high wear resistance. In addition, a material with large fracture strain may also exhibit high wear resistance because it will take a long time for the accumulated plastic strain to reach the critical value to fracture. In the present study, despite of the opposite trends in the relationship between hardness and carbon content in Fe-15Al and Fe-25Al alloys, both the alloys show a significant improvement in the tribological properties with the addition of carbon. In case of the Fe-15Al alloy, the improvement in tribological properties by carbon addition can be attributed to the strengthening effect of Fe 3 AlC 0.5 precipitates on the alloy. The Fe 3 AlC 0.5 precipitates may inhibit the plastic deformation of surface layer and the subsequent material removal, thus improving the wear resistance of the Fe-15Al alloy. However, this mechanism can not explain the effect of carbon on tribological properties of Fe-25Al alloy because the carbon addition leads to the formation of soft graphite in the alloy. The lubrication effect of graphite is considered to be responsible for the improvement of tribological properties in the carbon-added Fe-25Al alloys, similarly as in case of cast irons. It has been previously proposed that, in the sliding wear of a material containing graphite, deformation of surface may cause graphite particles to be squeezed out of the matrix and smeared on the surface, thus decreasing the coefficient of friction and wear rate.
16) The present results also show that the improvement in tribological properties by carbon addition is more significant in Fe-25Al alloy than in Fe-15Al alloy, indicating that graphite is more effective than Fe 3 AlC 0. in improving the room temperature tribological properties of Fe-Al alloys.
The high temperature ball-on-disk results reveal that the beneficial effect of carbon addition on tribological properties of Fe-Al alloys can not be maintained to temperatures above 573 K. The poor wear resistance of the carbon-added Fe-25Al alloys at elevated temperatures can be attributed to the oxidation of graphite. Graphite tends to be oxidized at elevated temperatures and eliminated from the specimen surface in a gas form. In case of carbon-added Fe-15Al alloys, the poor wear resistance can not be explained by the material strength, because the strengthening effect of Fe 3 AlC 0.5 can be maintained to high temperatures up to 1073 K (Fig. 6) . It is proposed that the fracture strain might play an important role. The tensile testing results reveal that the carbon-added Fe15Al alloys have much lower fracture strain than the carbonfree one when tested at 773 K. The low fracture strain of the carbon-added Fe-15Al alloys should be responsible for their poor wear resistance at 773 K.
Conclusions
The effect of carbon additions of 0.5, 1 and 2 mass% on the microstructure, mechanical properties and tribological properties of Fe-15Al and Fe-25Al intermetallic alloys was studied. The conclusions are summarized as follows:
(1) The carbon additions to Fe-15Al alloy led to the precipitation of Fe 3 AlC 0.5 carbides, while the formation of graphite was observed in the carbon-added Fe-25Al alloys.
(2) The hardness increased significantly with increasing carbon content in the Fe-15Al alloy, but the Fe-25Al alloy showed a slight decrease in hardness with the addition of carbon.
(3) The carbon additions improved the yield strength of Fe-15Al alloy, but the improvement was accompanied by a loss in ductility. The yield strength and ductility of Fe-25Al alloy were less affected by the addition of carbon.
(4) For both Fe-15Al and Fe-25Al alloys, the room temperature friction coefficient and wear rate were decreased by the addition of carbon. However, the carbon additions tended to degrade the wear resistance at 773 K in the Fe-15Al alloy and at 573 and 773 K in the Fe-25Al alloy.
